A previous account (Thompson and James, 1994) described the design, construction and instrumentation of four different pavements -asphalt (AS), concrete brick (CP), and three -inch and four-inch thick concrete paver stones with infiltration cells (E3 and E4) -in both a typical parking-lot and in a laboratory. Sampling of runoff from both sets of four pavements was subsequently carried out, and the analytical results used to estimate the flux of 23 contaminants including heat (Thompson, 1995) . This chapter reports the interim conclusions obtained from the parking-lot pavements for the first year after installation.
I 1.2 Previous Work
Short reviews are given by the authors in previous volumes in this series (Xie and James, 1993; Thompson and James, 1994) and elsewhere (James and Verspagen, 1996; Kresin and James, 1996) . These focus on roads and parking lots, which make up the largest percentage of man-made impervious surfaces (Hade, 1987) . Compared to asphalt, permeable paving reduces runoff (see e.g. Thalen et aI., 1972) and contaminants reaching receiving waters (Nawang and Saad, 1993; Pratt et aI., 1989) . When downstream impacts and aesthetic benefits are included, permeable pavement has been found to be more economical than conventional roads (Thalen et aI., 1972) .
Runoff from asphalt parking lots has been studied at several places, including Sweden by Spangberg and Niemcynowicz (1993) , who found increased turbidity, pH, conductivity and concentrations of adverse chemicals, compared to natural areas. Being a petroleum product, the types of substances found in runoff and adjacent areas, from the asphalt, range from polyaromatic hydrocarbons to benzopyrene, and heavy metals (Munch, 1992) . There is the potential, but incomplete evidence, that asphalt is carcinogenic to humans (International Agency for Research on Cancer, 1985) . Xie and James (1994) discuss the importance of solar thermal enrichment of stormwater by heated pavement, and further relationships have since been developed by James and Verspagen (1996) . Evidently the thermal enrichment of small rivers by modest parking lots can be some 5°C, sufficient to degrade cold water fisheries.
Collectively the literature provides a case for careful environmental review of our current pavement practices, and for these reasons the test pavements were installed and instrumented at the University of Guelph. Readers are referred to the earlier publication (Thompson and James, 1994) for details of the installations. Kresin and James (1996) discuss the long-term performance of permeable concrete pavers in another chapter in this book. Snodgrass et al. (1994) found that particulates in the form of heavy metals comprise a large component of the particulate matter found in highway runoff. Friction and automobile deterioration are significant contributors of heavy metals, and deicing salts may contribute to the deterioration of automobiles and highway structures. Fossil fuels contribute petroleum hydrocarbons (PHCs) and incomplete combustion can contribute to the formation of polycyclic aromatic hydrocarbons (P AHs). In fact the most significant pollution loads are due to the use of petroleum-based fuels and lubricants in vehicles. Even though they are weakly volatile, they remain on paving until washed into the drainage system to the receiving waters (Barnes et aI., 1979) .
Pollutants in Pavement Runoff and their Pathways
The buildup and removal of pollutants is a continuous process occurring over both dry and wet periods, with rainfall washing off the pollutants that have built up. Also, rainfall deposits its own pollutants including low pH (high acid levels). Rainfall also transfers particulates from adjacent pervious areas, and this runoff contains high levels of bacteria, phenols (from insecticides), total and suspended solids, etc. During dry periods, pollutants accumulate until they are blown away.
Contributing The analysis of atmospheric deposition or atmospheric fallout is beyond the scope ofthis study. It is, however, an important consideration. Atmospheric deposition deals with the dust fall over the area and depends primarily on climatic and physiographic conditions (James and Boregowda, 1986) . Pollutants in rain are also important.
Vehicle Input, VI: Highway runoff pollutants include metals, nutrients and hydrocarbons that are contributed by motor vehicle traffic. Common sources of origin and pathways include parking lots, streets and highways, industrial areas, construction sites, and unpaved roads. Traffic by-products include: petroleum products, vehicle exhaust, tire and brake wear and metallic corrosion (James and Boregowda, 1986 (James and Boregowda, 1986) .
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Vegetation Input, Vel: Adjacent to the study area used in this study is a vegetated area. For most of the study period, the area was vegetated with weeds and shrubs. During the month of August, the weeds and shrubs were removed and part ofthe area was seeded with grass and fertilized. Most of the area was left with fertilizer and mulch. Vegetation input rate depends on the time of year and vegetation density. Vegetation contributes solids, nutrients, and chemicals (James and Boregowda. 1986) .
Biological Removal, BR: With the exception of nitrates and phosphates, organic pollutants decompose into simple substances with or without oxygen. This reduces the quantity of pollutants at the time of washoff. Nitrates and phosphates normally increase with the addition of decomposed end-products (James and Boregowda, 1986) . Removal of solids by biological decomposition may be estimated:
( 11.4) where:
Rb total mass of dust and dirt removed by biological decomposition, P average mass of dust and dirt available on the surface, F fraction of decomposable dust and dirt, k decay coefficient, t number of days. Vehicle Removal, VR: Eddies generated by vehicles transport pollutants to ineffective areas from where they may not be washed off during storm events (James and Boregowda, 1986) . This results in a reduction of solids being washed off.
Wind Removal, WR: Natural wind transport process reduces the amount of solids being washed off. Contributing factors to this include wind speed, curbs, and adjacent pervious areas which act as a pollutant sink (James and Boregowda, 1986) .
Intentional Removal, IR: Main sources of intentional removal include various types of street cleaning. For this study, street cleaning was conducted only during the month of March 1994.
Net Accumulation, NAC: Calculation of net accumulation is the combination of all the above input and removal processes. At the scale of this study, the equation is considered at only an empirical level.
I 1.4 Contaminants Examined
Runoff was sampled and samples analyzed using methods documented in Thompson (1995) for the chemical, biological, and physical parameters shown in Table 11 .1. Results are presented under two headings: temperature and contaminants. Temperatures were measured continuously from June 22 to October 2, 1994. As summarized in Table 11 .2, contaminants were measured for a total of nine rainfall events.
11.5.1 Temperature Xie (1993) stated that the level of watershed development had the single greatest anthropogenic influence on the temperature regime of urban, headwater streams. As the urban landscape heats up on warm summer days, it tends to impart a great deal of heat to any runoff passing over it. Because base and sub-base temperatures were lower than surface temperatures, infiltrated water would be affected by this lower temperature as it passed through a porous pavement. Infiltration is the foremost urban BMP for temperature reduction (Galli, 1990) . Temperature data was collected from twelve thermocouples, one for each pavement and layer. Data for temperature was collected from the pavements between May and October 1994 and may be compared to short wave radiation, which is the amount of direct sunlight. At night the incoming short wave radiation is zero. Short wave radiation also decreases during periods with cloud cover. Our short wave radiation sensors measured photosynthetically active radiation (PAR) in the 400 to 700 nm waveband where PAR is in units of rnicromoles per second per square metre (mmol S-l m-2) (Pettit, 1994) .
A comparison of the three layers for the asphalt (AS) pavements is shown in Figure 11 .1 for the period of September 21 to October 2, 1994. Air temperature was measured by a shielded sensor designed to attempt to reduce the influence from the adjacent greenhouse. The surface layer recorded the highest and lowest temperatures as wen as the greatest variations in maximum and minimum temperature for that pavement. The black top of the AS pavement allows the absorption of short wave radiation from the sun on clear sunny days, so the AS surface temperature is the greatest of all the pavements. During clear, dry nights, the AS surface pavement temperatures drop below the observed air temperature, due to back short wave radiation from the pavement. Figure 11 .1 also shows that sub-base temperatures had very little diurnal variation for that period. Sub-base temperatures for AS also had the lowest average temperatures compared to the other pavements for that period. Temperatures from the base level had greater ranges (higher maximum and lower minimum) than the sub-base, but had less range than the surface for that period. Average temperatures from the base layer were greater than the sub-base and less than the surface. This statement is true till September 23, when the asphalt sub-base average daily temperature becomes the greatest temperature of the three levels. This is due to two factors: the average air temperature has been decreasing and rainfall occurred almost daily which affected the surface temperatures. Visually, PAR values are evidently related to surface temperatures. This relation decreased at the base and decreased even further at the sub-base leveL Surface temperatures fTom the asphalt were higher than aU the other pavements for the period.
Maximum, minimum and average daily temperatur~s for the duration ofthe study are summarized by Thompson (1995) . During days with direct sunlight, the AS reached the highest surface temperature. During the night, AS tended to have the lowest temperature, compared to the other pavement surfaces. Average surface temperatures were generally similar. The three porous surfaces tended to have the same temperatures at any time of the day. Results from the comparison ofthe four surface temperatures show that asphalt generated higher temperatures than concrete pavements. This is probably due to the low albedo of the AS pavement compared to the other paving materials.
Rainfall occurring during daylight hours affected the asphalt surface temperatures more than the other surfaces. This was observed on September 27, where PAR values decreased rapidly during rainfalL AS temperatures dropped to a low of 1 O.6°C from a high of20.3°C as rainfall occurred during the daylight hours.
For the period, temperatures at the base of the pavements displayed less temperature difference between each pavement and at almost any time ofthe day. Asphalt consistently had the lowest minimum base temperatures. Base temperatures also had lower average temperatures than other layers. Temperatures from the four sub-base levels showed minor variations in temperature statistics.
I 1.5.2 Contaminant Load Results
Loads are based on both flow rates and concentrations. This section discusses the results from the individual flow and concentrations, then summarizes the computed loads. Table 11 .3 summarizes the rain events sampled showing the storm duration, volume, and intensities.
Flow Results
Surface runoff flow rates were collected for the nine events from June 22 to October 2, 1994. The product of flow and contaminant concentrations produced load results. Information was collected from the tipping bucket runoff gages (TBRGs) and covered containers in the instrumentation chamber. As flow was not measured for all events due to instrumentation errors, missing flow data was estimated. Estimates of flows were based on results from laboratory experiments on infiltration rates and capacities for each pavement. Table 11 .4 is a comparison of surface runoff as a percentage of rainfall from Event 9. It shows that AS had the greatest percentage of surface runoff relative to the rainfall. E4 and E3 produced less surface runoff than the other pavements. 
Contaminant Results
Samples for the various contaminants were collected for nine events over the four month period from June 22 to October 2, 1994. Storm event data were collected from the automatic samplers, containers and the TBRGs. Events were of various sizes, volumes and peak intensity. i 1.5.5 Contaminant Load Analysis Tables 11.5 and 11.6 summarize the results, based on total loads from the nine events. Table 11 .5 is a summary of the total surface runoff loads generated for the nine events as well as loads from rainfall. For most of the contaminates, AS generated the greatest surface total load. Pavements E4 and E3 generated the least total load for most of the contaminants. This is due to the asphalt surface being almost 100% impervious. Reductions in surface discharge due to porous pavement show a reduced pollutant load leaving the site as noted by Pratt et a1. (1989) . Infiltration and percolation loads from the base and sub-base levels were generated only for E3 and E4 due to their perviousness and the results are shown in Table 11 .6. No runoff was generated from the base layer ofthe CP during the course of this study. At the start of this study, before the catchment system was installed, it was observed that runoff was generated from the base layer but the runoff volume decreased till no runoff was generated from the base layer. Properties of the CP are such that it is expected to go to 100% impervious as the voids between the stones lock together with sand and dust (King and Smith, 1991) . Because the base and sub-base runoff sampled was a very small (even insignificant) part of the infiltration, estimates of their pollutant loads are likely to be very inaccurate. Table 11 .6 is a summary of the calculations of the estimated loads for the sub-surface. The "f',sults are not considered reliable enough to form a major finding. Loads generated from porous pavements discharged partly through the subsurface which reduced the amount of direct runoff from the surface to receiving waters. More contaminant loads infiltrated below the surface, therefore, the surface runoff had less contaminants, showing that porous pavement exhibits excellent performance with respect to runoff reduction and pollution abatement (Sztruhar and Wheater, 1993) . Of course there remains the potential contribution to groundwater contamination, especially by soluble metals and pesticides.
Rainfall contaminant data "washoff' was collected from the wet portion of the wet/dry collector. In the case when contaminant data was not available (events 1, 3 and 7), the average of all the available contaminant data was taken and this value was used with the rainfall volume collected for that event. For events which did not have available contaminant data, Table 11 .7 shows the ratio of the individual rainfall volume to all the rainfall volume. This table indicates the relative size of the individual estimated loads. Atmospheric dryfall was collected from the dry portion of the wet/dry collector. Analysis of the atmospheric dryfall was not conducted; however, the mass of the accumulation was examined. Between July 21 and September 16, 1994,5.01 g of atmospheric dryfall was collected. Between September 16 and September 27, 19940.70 g was collected.
Between September 27 and September 29 1994, only 0.01 g of atmospheric dryfall was collected. Total atmospheric dryfall for the length of the study was 5.71 g or 0.147 g1day. Results from the wet/dry collector show that additional work is necessary on the atmospheric dryfall collected.
1.6 Conclusions
Very little previous work has been done to compare pollutant-generation of impervious asphalt to various permeable concrete block pavers in a parking lot. Four instrumented pavements were constructed at the University of Guelph in 1993, and after the first year of runoff sampling, we tentatively draw the following conclusions:
1. pavement surface temperatures are directly related to weather conditions, asphalt showing the highest maximum and lowest minimum daily temperatures; 2. average daily summer temperatures were similar for all four pavings; 3. subgrade temperatures measured about 150 mm below the surface showed a lower diurnal range and lmver daily maxima than the surface temperatures; 4. subgrade temperatures measured about 600 mm below the surface showed little diurnal temperature fluctuation; 5. for the 23 contaminants examined, loads from the asphalt surface were always greater than from the other pavings, mostly because the asphalt was 100% impervious; and 6. permeable pavement, particularly Uni-Ecostone (a commercial concrete paver), significantly reduces surface runoff contaminant loads.
Postscript: We add the following comments in response to an anonymous and helpfol reviewer.
Heat transmission through pavement is clearly related to the thermal characteristics of the sub-base, as well as the paving surface. In particular the moisture content of the sub-base is expected to play an important role. This of course begs the larger question of the changed thermal behaviour of the earth's urbanized areas, whereby the seasonal heat sink arising from infiltrating water has been compromised. Our work did not determine these effects (see the chapter by James and Verspagen).
We have not considered an important variable for pollutant interactions and mobilities, the pH/redox gradient. We understand that even 0.5 unit changes can be significant within 150 mm depth profiles, particularly for metals. Our work should be seen as merely a start on the problem of estimating the temperature effects of various processes.
Our focus has been on the reduction of surface runoff, and the trapping of pollutants associated with particulates in the upper permeable paving surface, and not the contentious question of the effective retention of soluble metals, herbicides and PAH fractions. We do not expect permeable pavement to retain dissolved pollutants unless the sub-base and top layers have been especially designed and treated for this purpose, which is clearly necessary where important groundwater resources are of concern. The provision of permeable parking lots as sand filtration facilities for removal of storm water pollutants is an interesting idea, especially for areas of water scarcity, but clearly requires scheduled maintenance operations. Our further research will move in this direction.
